The paper presents a model of a control system of the slewing motion of a mobile crane in which the FLC controller was used, and then selected results of the numerical simulations of this model were presented. The influence of this controller's settings on the precision with which the payload is positioned after it has been transferred to a target point for different angles of rotation of the jib, different lengths of the rope and different input signals of the controller was investigated.
INTRODUCTION
The oscillations of the payload that is transferred by lifting equipment considerably hinder the work of the device and increase transportation time, especially because of the time that is needed to damp these oscillations, and they may also constitute a threat to the operators and technological facilities that are located in the vicinity of the working equipment (Al-Humaidi and Hadipriono, 2009; Janusz and Kłosiński, 2008; Kłosiński and Majewski, 2009; Kłosiński, 2011) . They may also hinder the positioning of the payload after it has been transferred to a target point -this is particularly important when heavy payloads are moved (Cho and Lee, 2002; Neupert et al., 2010; Yi et al., 2003) . Therefore, in certain lifting devices control systems are installed. Such systems make it possible to minimise the oscillations of the payload at a target point. These are usually systems that implement a particular strategy of controlling the working motion which ensures that the carried payload stops at a target point and that, at the same time, the payload's oscillations are eliminated. When disturbances appear or the implementation of the adopted control strategy is interrupted, these systems do not ensure minimising the oscillations of the payload at a target point Tomczyk et al., 2014) . The transfer of the payload by using the rotational motion of a lifting device, as is the case with slewing, mobile or tower cranes, causes particular difficulty in this regard. Under these conditions, the use of a fuzzy logic controller seems to be a solution that may ensure higher quality control than classical control methods (Cho and This paper presents a model of a control system of the slewing motion of a mobile crane in which the FLC controller was used, and then selected results of the numerical simulations of this model were presented. The influence of this controller's settings on the precision with which the payload is positioned after it has been transferred to a target point for different angles of rotation of the jib, different lengths of the rope and different input signals of the controller was investigated.
MODEL OF A CONTROL SYSTEM OF THE WORKING MOTIONS OF A MOBILE CRANE
The analyses of models which are presented in other papers allow one to make assumptions with regard to creating a model of a crane (Hong and and moments of inertia, are rigid and have six degrees of freedom; the only possible motion of the body in relation to the chassis is its rotation around the vertical axis;  the support system was substituted with a set of springs; the mass of springs is omitted;  the crane's body is rotated by means of a hydrostatic drive system through a mechanical gear of known rigidity, the centre of mass of the body lies on the axis of rotation of the body;  the crane's jib is treated as a rigid bar of constant length, of known mass and moment of inertia; it is connected with the body by means of a cylindrical joint which only allows for a change in the jib's inclination angle;  the payload hangs on an inextensible, weightless, flexible rope; the hanging payload can be treated as a spherical pendulum;  the drum of the winch is rotated by means of a hydrostatic drive system through a mechanical gear of known rigidity,  friction and clearances in all elements of the support system, jib and mechanical gear are not taken into consideration;  damping in the system is taken into consideration;  the characteristics of elastic constraints are assumed to be linear,  three working motions are possible: the slewing motion of the crane's body, luffing as a consequence of a change in the jib's inclination angle which is caused by a change in the length of the hydraulic cylinder as well as the hoisting or lowering of the payload as a consequence of reeling or unreeling the rope; a simultaneous association of all these motions is permitted;  all supports of the crane are treated as unilateral constraints, the supports can come off the foundation. A schematic diagram of the crane's model is presented in Fig. 1 .
Fig. 1. Schematic diagram of crane model (Kłosiński, 2005)
Generalized co-ordinates of the model are put together in the n-element vector . Its co-ordinates are as follows:
where: , , -linear displacements of the centre of mass of the chassis which is referred to as a fixed reference system, , -projections of the payload's displacement onto a horizontal plane in the radial direction, and in the tangential direction to the circle described by jib's head, respectively; these components are determined in a movable system rotating with the jib, -angle of rotation of the body and the jib round a vertical axis, , , -angles of oscillation of the crane in reference to the axes that are connected with the centre of mass of the chassis, -the jib's inclination angle in reference to the horizontal plane, -distance from the jib's head to the centre of gravity of the payload.
When calculating the kinetic and potential energies of the system and inserting the obtained formulas into the second-order Lagrange equation, which is written in the form:
one can write a matrix, non-linear, differential equation in the following form (Kłosiński, 2005) :
where: ( ) -symmetrical block matrix whose elements are functions of masses, the inertial moments of the model's elements and generalized co-ordinates, (̇,̈) -n-element vector whose components are functions of generalized coordinates and their derivatives. This equation can be transformed into an equation in the following form:
where:
1 ] , 1 -rotational angle of the shaft of the hydraulic motor which is used for putting the crane's body with the jib in slewing motion, 1 -inclination angle of the jib's longitudinal axis which is related to the horizontal plane; the axis is determined by two points: the point of vertical rotation of the jib and the point of fixing of the luffing cylinder to the jib, 1 -rotational angle of the motor-driven drum of the winding machine, ( ) -vector whose components are functions of generalized coordinates and stiffness coefficients of elastic elements.
Formula (4) represents a motion equation of the crane model in matrix form describing the slewing motion of its body, changes in the jib reach through changes in the declination of the jib as well as the hoisting or lowering of the payload through winding or unwinding the rope from the drum. The components of the oscillations of the payload as well as the angle of rotation of the body can be calculated by means of the following equations:
where: The mathematical models of drive systems that are used for different work motions were derived in a similar way. They were proposed in the form of hydrostatic systems powered by engines with constant absorbing capacity (or by a servo-motor) and proportional valves as the elements which throttle oil flow (Kłosiński, 2005 ; Kłosiński and Janusz, 2009).
Apart from the equation of these models, i.e. equation (4), and formulas modelling the dynamics of fuzzy logic controller and the equation of the summation point, equations were obtained which were considered a mathematical model of the complete control system. A functional scheme of the control system is presented in Fig. 2 (Janusz and Kłosiński, 2008) . In the scheme, the character e was used to describe an error signal which is an input to the controller. The character describes a vector of variables which control the work of the hydrostatic systems that are used as the drive of a crane; these are usually currents of electro-hydraulic transformers that control hydraulic drive systems which are used in cranes. The graphs showing the dependence of the maximum amplitude of the oscillations of the payload after a rotation and after the jib stops at a target point as a function of signal amplification coefficients in the FLC controller allow one to adopt a satisfactory value of the controller's settings. Moreover, Figs. 7-8 show the trajectories of a crane's motion for a situation in which the operator selects the target point before motion start. These tests were carried out to evaluate the effectiveness of fuzzy logic control. 
SUMMARY
Control with the use of the FLC controller eliminates the need to formulate a control strategy before a motion starts and is less sensitive to the disturbances in the implementation of the formulated control strategy. However, such control does not always ensure considerable elimination of the oscillations of the payload remaining after a motion -this is particularly true of the radial component of oscillations, which is mainly generated by a centrifugal inertial force, i.e. a force that acts in a direction for which it is impossible to control motion by only using a rotation drive.
The carried out numerical simulations of the crane model will be used to select the suitable amplification coefficients of the controller as well as to propose the modification of control system in order to achieve to better acuracy of the load positioning after ending the motion.
